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DETERMINATION OF INFLATED SHAPE AND INERTIAL PROPERTIES 

OF AN ALL-FLEXIBLE PARAWING 

By Blair B. Gloss 
Langley Research Center 

SUMMARY 

The inflated shape of a single-keel, all-flexible parawing with a 45O leading-edge 
sweep and a 5-foot (1.52-meter) keel length has been determined by using a photogram- 
metric technique. The shape of this parawing was determined at lift-drag ratios of 2.13, 
2.24, and 2.43 with the wing in  tethered flight in  a wind tunnel. For  the inflated parawing, 
the span increased 3.0 percent and the keel length decreased 3.0 percent when the lift- 
drag ratio increased from 2.13 to 2.43. 

Nondimensional inertial properties were calculated from the shape data. These non- 
dimensional inertias can be scaled to any geometrically similar single-keel, all-flexible 
parawing with a 45O leading-edge sweep and with any weight canopy and any weight suspen- 
sion lines. The center of gravity of the system was calculated from the shape data and 
was found to rotate about the confluence point with changes in  lift-drag ratio. 

INTRODUCTION 

The National Aeronautics and Space Administration is continuing the investigation of 
parawings in order to develop parawing technology more fully and to gain an understanding 
of their aerodynamic characteristics. (See ref. 1.) 
parawings in  gliding flight has not been numerically defined, an aerodynamic analysis of 
the parawing could not be made. 
structural and apparent mass) was  to swing the parawing, suspended on a frame to approx- 
imate the inflated parawing shape, in a vacuum sphere. (See ref. 2.) The structural  iner- 
tias were determined by swinging the parawing in a vacuum, and the apparent-mass iner- 
tias were determined by considering the results of swinging the parawing in  a vacuum and 
at atmospheric conditions. The present investigation was undertaken to determine the 
shape and structural  inertial  properties of an all-flexible parawing by using a photogram- 
metric technique. In contrast with the swinging technique, which uses only the approxi- 
mate shape of the parawing and does not provide the products of inertia, the photogram- 
metric technique enables determination of the inflated shape of the parawing, from which 
the moments and products of inertia can be obtained. 

Because the shape of all-flexible 

The only way of determining inertial properties (both 



The inflated shape of a single-keel, all-flexible parawing with a 45' leading-edge 
'sweep and a S-fOOt  (1.52-meter) keel length was determined at lift-drag ratios of 2.13, 
2.24, and 2.43 while the parawing was flying tethered in  the 17-foot (5.18-meter) test sec- 
tion of the Langley 300-MPH 7- by 10-foot tunnel. The measured shape data were'used to 
obtain nondimensional structural  inertial properties of the parawing. Because there was 
no convenient reference chord for measuring the angle of attack of a parawing in  tethered 
flight, lift-drag ratio rather than the angle of attack was used to define the model test  
condition. 

SYMBOLS 

constants in  equation of a plane 

cross-sectional area of suspension line, ft2 

distance between lenses of stereo cameras,  f t  (m) 

focal length of lenses of stereo cameras,  f t  (m) 

distance from projection of point i n  XsZs-plane to XtZt-plane, f t  (m) 

rolling moment of inertia in  confluence-point axis system, slug-ft2 

pitching moment of inertia in  confluence-point axis system, slug-ft2 

yawing moment of inertia in  confluence-point axis system, slug-ft2 (kg-ma) 

(m2) 

(kg-m2) 

(kg-ma) 

IXYJXZ 7IYZ 

L/D lift-drag ratio 

I? length of suspension line, f t  (m) 

keel length of flat canopy, ft (m) lk  

keel length of inflated canopy, f t  (m) lk,i 

span of inflated canopy, f t  (m) 1s ,i 

products of inertia in confluence-point axis system, slug-ft2 (kg-ma) 
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m mass of small  element of canopy material, slugs (kg) 

mt  total mass,  slugs (kg) 

m' mass per unit a r ea  of canopy material, slugs/ft2 (kg/m2) 

N total number of points read 

R 

x c g ~ y c g , z c g  coordinates of composite center-of-gravity location, f t  (m) 

X,Y ,z 

xg,L - Xg,R' ft (4 

coordinates of a point with respect to confluence-point axis system, f t  (m) 

coordinates of center of gravity of a suspension line, f t  (m) xcg,z~~cg,z~zcg,2 

coordinates of a point with respect to glass-plate axis system, f t  (m) 

coordinates of a point with respect to comparator-table axis system, f t  (m) 

coordinates of origin of glass-plate axis system with respect to comparator- 
table axis system, f t  (m) 

distance from wing apex along keel, f t  (m) 

distance from wing apex along leading edge, ft (m) 

coordinates of a point with respect to stereo-camera axis system, f t  

coordinates of a point with respect to tunnel axis system, f t  (m) 

(m) 

coordinates of origin of confluence-point axis system with respect 
Xt  , c p Jt , cp , Zt, cp 

to tunnel axis system, f t  (m) 

@,@,e 

Y 

P density of suspension line, slugs/ft3 (kg/m3) 

direction angles of suspension line (fig. 7), deg 

rotation angle of glass plate on comparator table, deg 
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Subscripts: 

cg center of gravity 

i summation index 

L left plate 

le leading edge 

1 line 

R right plate 

1,293 ceiling reference point when associated with coordinates; coordinate plane 
when associated with A, B, and C 

Bar over a symbol represents a nondimensional value. 

MODEL 

The flat planform of the canopy and suspension-line lengths of the parawing that was 
used in this investigation a r e  shown in  figure 1 and table I, respectively. The lines were 
130-pound (578-newton) test dacron. The wing was constructed of white rip-stop nylon 
fabric which had a unit weight of 1.1 oz/yd2 (37 g/m2). The fabric had been made non- 
porous by an acrylic coating to obtain maximum aerodynamic efficiency of the parawing. 
All seams were glued rather  than sewed to insure the desired dimensional accuracy by 
avoiding gathering of the material which always occurs in  a sewn seam. 

A grid pattern of 1-inch-square (2.54-cm) blocks with identification marks every 
0.5 inch (1.27 cm) was printed on the underside of the canopy as shown in figure 2. This 
grid pattern made it possible to locate and identify the same points on each of the pictures 
taken by the s tereo cameras. 

TEST FACILITY AND EQUIPMENT 

Wind-tunnel tests were conducted in the 1'7-foot (5.18-meter) test section of the 
Langley 300-MPH '7- by 10-foot tunnel. Black reference crossmarks,  0.5 inch (1.27 cm) 
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wide, were painted on the test section ceiling every foot (0.31 meter) on centers as shown 
in figure 3. 

The wing was attached to a strain-gage balance by means of a T-bar (fig. 4). All 
the suspension lines were held by the line clamp except for the two wing-tip and aft-keel 
lines, which were tied to the crossbar as shown in figures 3, 4, and 5 in order to stabilize 
the model in pitch and roll. 

The stereo camera system is shown installed in  the test section in  figures 3 and 5. 
This system consisted of two camera units mounted rigidly 1.31 feet (0.39 meter) apart 
with parallel optical axes. Each camera had a focal length of 0.20 foot (0.06 meter). 
Because these cameras had very high quality lenses, no correction was made for lens dis- 
tortion. The cameras were electrically operated so that the shutters on both cameras 
were opened simultaneously. The pictures were taken on sensitized glass plates, which 
are structurally more stable than film. Four fiducial marks were put on each sensitized 
glass plate while it was  still in  the camera by exposing it to radium. 

TEST CONDITIONS AND CORRECTIONS 

Static wind-tunnel tests were conducted at a dynamic pressure of 0.5 lb/ft2 
(23.9 N/m2). Jet-boundary corrections to drag coefficient, as determined from refer- 
ence 3, have been applied to the wind-tunnel results. The ratio of the wing area to the 
cross-sectional area of the test section was small; therefore, no blockage corrections 
were made to the dynamic pressure. 

The lift-drag ratio was varied by shortening the eleventh keel line (table I) while the 
support sting remained at an angle of attack of Oo. Because there was  no convenient ref- 
erence chord for measuring the angle of attack of a parawing in tethered flight, lift-drag 
ratio rather than the angle of attack was  used to define the model test condition. 
lengths were measured immediately after each test. 

Line 

SHAPE MEASUREMENTS 

A stereo-optic film reader was used to read each set of photographs (glass plates). 
These plates were  read by locating the same point on each photograph and determining the 
coordinates of that point with respect to a set of axes on each plate. Because the parawing 
was always assumed to be symmetric about its keel, only half of the parawing was read. 
The corners of the grid intersections on the parawing (fig. 2), the suspension-line- 
attachment points on the canopy, and the confluence point of the lines were read. Thus, 
all points that were read were either centers of adjoining elements of material 1 in2 
(6.45 cm2) in area, line-attachment points on the canopy, or the confluence point. At the 

' 
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boundaries, however, the points that were read were not centers of squares, but they were 
assumed to be centers of odd-shaped pieces of material, the sizes of which were estimated 
as each point was read. (See fig. 2.) 

The equations used to calculate the coordinates of the inflated parawing are pre- 
sented in the appendix. The appendix includes equations for transforming comparator- 
table coordinates to glass-plate coordinates; two-dimensional, glass-plate coordinates to 
three-dimensional camera coordinates; camera coordinates to tunnel coordinates; and 
tunnel coordinates to confluence-point coordinates. A sketch showing the axes systems 
used in  the transformation from camera to confluence-point coordinates is presented in 
figure 6. 

ACCURACY OF SHAPE DATA 

The accuracy of the shape data was checked by comparing the measured distances 
between the centers of the painted crossmarks on the ceiling, shown in figure 3, with the 
calculated distances. The calculated distances were within about 3 percent of the mea- 
sured values, the chief source of e r r o r  being the inability to read accurately the center of 
the crossmarks. Because the grid on the wing was much narrower than the ceiling cross- 
marks, the centers of the grid intersections were easier to determine and the accuracy of 
the parawing-shape data should be better than the 3-percent accuracy of the ceiling 
crossmarks. 

INERTIAL PROPERTIES 

Once an accurate description of the shape of the inflated parawing has been deter- 
mined, the moments of inertia of the canopy can be computed by mathematically dividing 
the wing into small  elements, determining the mass and radius of gyration of each element, 
and summing the computed moments of inertia of each element about the origin of the 
confluence-point coordinate system shown in figure 6. 

By using the following equations, the nondimensional moments and products of iner- 
tia (see ref. 4) were calculated for the canopy: 
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- 
IxY,c = 0 

IYZ,C = O 
- 

In equations (1) to (6), N is the total number of points read and x, 

(5) 

(6) 

y,  and z a r e  the 

coordinates of the center of each small  piece of canopy material. 
summed are either the moments or products of inertia of each small  piece of material. 

The te rms  that a r e  

The coordinates of each end of all the lines were  determined; therefore, the length 
By using the following equations, the moments and products of each line was calculated. 

of inertia for all the lines w e r e  calculated: 
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Angles a, 8 ,  and Cp a r e  defined in  figure 7. The t e rms  i n  the brackets are either the 
moments or  the products of inertia of an individual line. 

Table I1 presents the nondimensional structural  inertias calculated for lift-drag 
ratios of 2.13, 2.24, and 2.43. 

The following equations can be used to calculate the pitching moments of inertia for 
the canopy and suspension lines, respectively, for a geometrically similar parawing flying 
at a lift-drag ratio of 2.13. 

where the constants a r e  from table 11. 

DETERMINATION OF CENTER-OF-GRAVITY LOCATIONS 

The center-of-gravity location (see ref. 4) of the canopy was calculated by using the 
following equations: 

2 i= c 1 ( t m ) .  
1 

t,c 
m 

- ycg,c 2 q p j  i=l i 
ycgyc =Lk = - mt,c 
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%g,c 
lk 

N 

i i=l 

where x, y, and z are the coordinates of the center of each small piece of material. 

The composite center-of-gravity location of the lines was  calculated by using the 
following equations: 

In these equations 

of each suspension line. 

ycg,l, and zcg,l a r e  the coordinates of the center of gravity 

Table 11 presents the calculated nondimensional center-of -gravity coordinates for 
lift-drag ratios of 2.13, 2.24, and 2.43. 

RESULTS AND DISCUSSION 

Parawing Shape 

Each set of glass plates was  read for lift-drag ratios of 2.13, 2.24, and 2.43. As 
shown in figure 8, the inflated keel length decreased 3 percent and the inflated span 
increased 3 percent when the lift-drag ratio increased from 2.13 to 2.43. 
ratio, which was based on the projected area of the wing and the inflated span, remained 
constant at 1.96. 

The aspect 

The streamwise sections of the wing were obtained by choosing a distance from the 
keel y and finding the corresponding x and z coordinates from the calculated data. 
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If enough coordinates to define the shape of a section were not found, linear interpolations 
between points which had y values close to the selected value were used to find the 
coordinates that were needed. Few interpolations were necessary. Figure 9 shows typ- 
ical  streamwise sections of a parawing flying at a lift-drag ratio of 2.24. 

When the plates were read, no attempt was made to read small  wrinkles in  the 
canopy; therefore, the streamwise sections shown in figure 9 are fairly smooth. Sec- 
tion 6, however, has a deep wrinkle due to the nearby attachment of a canopy suspension 
line. Section 8 is closed because the wing tips (last lines on the leading edges) doubled 
back under the canopy. Careful examination of figure 3 indicates that closed sections 
were possible and were, in fact, to be expected. As can be concluded from figure 9, this 
parawing has extremely large amounts of dihedral, twist, and camber. 

Parawing Inertial Properties 

When the lift-drag ratio increased from 2.13 to 2.43, the following changes in  the - 
structural  inertial properties of the canopy were noted: 
%Y,C remained nearly constant, I z z , ~  decreased about 18 percent, and ~ x z , ~  
decreased about 9 percent. When the lift-drag ratio increased from 2.13 to 2.43, the fol- 
lowing changes in  the structural  inertial properties of the lines were noted: 
increased about 6 percent, I y y , ~  increased about 2 percent, I z z , ~  decreased about 
19 percent, and ixz,I decreased about 10 percent. 
essentially rotated about its confluence point with changes in  lift-drag ratio. This rota- 
tion is primarily responsible for the changes in  I n ,  IZZ, and ixz. 

increased about 5 percent, 
I 

- 
- 

Figure 10 shows that the wing 

- 

Comparison of Two Techniques of Determining Inertial Properties 

The pitching and rolling moments of inertia and the center of gravity for a single- 
keel, all-flexible parawing with a 45' leading-edge sweep and a %-foot (7.32-meter) keel 
length were determined by using the pendulum method as outlined in  reference 2. The 
mass per unit length of the suspension lines of this parawing was 0.00032 slug/ft 
(15 g/m), and the average mass per unit area of the canopy material, including line- 
attachment points, was 6.18 oz/yd2 (210 g/m2). In order  to facilitate comparison of the 
pendulum technique of determining inertial properties with the photogrammetric tech- 
nique, the data from the present investigation of a geometrically similar parawing with a 
&foot (1.52-meter) keel length were scaled to the 24-foot (7.32-meter) parawing. There 
were a few differences between the scaled-up parawing and the actual 24-foot parawing. 
The suspension lines on the scaled-up parawing were generally 1 foot (0.31 meter) longer 
than those of the 24-foot parawing, but the 24-foot parawing had a 1.1-foot (0.34-meter), 
1.5-pound (680-gram) r i s e r  attached to the lines, which moved the canopy to about the 
right distance from the rotation point to allow comparison. 

10 
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The following table presents the results from the two techniques of determining the 
inertial properties: 

Moment of inertia 

Ixx 
IYY 

Photogrammetric 
method 

slug - f t 2 

578 

569 

kg-ma 

784 

771 

Pendulum 
-method 

slug-ft2 

502 

50 1 679 I 
Figure 11 shows both the photogrammetrically determined and the estimated (ref. 2) 
center-of-gravity locations of the 24-foot (7.32-meter) parawing. 

CONCLUDING REMARKS 

The inflated shape of a single-keel, all-flexible parawing with a 45' leading-edge 
sweep and a 5-fOOt (1.52-meter) keel length were determined by using a photogrammetric 
technique. Nondimensional inertial properties and center-of-gravity locations were cal- 
culated from the shape data. The present investigation has shown that neither the inertial 
properties nor the center-of-gravity locations can be assumed to be constant with changes 
in  lift-drag ratio. The inertial properties and center-of-gravity locations of a geometri- 
cally similar parawing with a %+-foot (7.32-meter) keel length were calculated from the 
photogrammetric data. The results were in  excellent agreement with measured values 
obtained from pendulum tests. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., May 12, 1970. 
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APPENDIX 

TRANSFORMATION EQUATIONS 

The inflated canopy shape of the parawing used in  this investigation was determined 
by photographing the parawing with a s tereo camera system which used sensitized glass 
plates rather than film. The comparator-table coordinates Xh,zh of wing-grid points 
on the glass plates were read on a stereo-optic film reader and transformed to the 
confluence-point coordinates x,y,z of the wing in  the tunnel. (See fig. 6.) This appen- 
dix explains the methods and lists the equations used in  the transformation of coordinates. 

Transformation From Comparator-Table to Glass-Plate Coordinates 

No special care  was taken in alining each photograph (glass plate) on the comparator 
table since the plates were read individually and not in  the usual s tereo fashion, in which 
the subject is optically alined in  s tereo and the coordinates of the same point on each plate 
are read. The coordinate systems of the right and left glass plates were alined by math- 
ematically translating and rotating the axes so that the coordinates of the comparator 
table Xh,zh and the coordinates of each glass plate xg,zg coincided. Figure 12 shows 
a typical comparator-table setup. The following transformation equations were used to 
translate and rotate the coordinates of the glass plates: 

Transformation From Glass-Plate to Camera Coordinates 

Figure 13 shows the geometric relationship between the two-dimensional coordinates 
of the right and left glass plates and the three-dimensional camera coordinates xs,ys,zs. 
For  a given point on the wing surface, the following ratios are equal: 

b is the distance between the centers of the left and right g,L - Xg,R, where R = x  
lenses, and c is the focal length of the lenses. The ratios of equation (A3) can be rear- 
ranged to transform glass-plate coordinates to camera coordinates. 

12 



APPENDIX - Continued 

xs = -  : xg,L 

bc 
Y s  =x 

Transformation From Camera to Tunnel Coordinates 

Because the three-dimensional camera coordinates xs ,ys,zs were not particularly 
convenient to work with, a method for transforming to tunnel coordinates xt,yt,zt was 
developed. Three of the painted crossmarks on the tunnel ceiling (fig. 6) were chosen as 
reference points in the tunnel-axis system. Points 1 and 2 were chosen so that a line 
connecting them, the Xt-axis, was parallel to the wind direction and in  the ceiling plane. 
Point 3 was chosen so that a line connecting points 1 and 3, the Yt-axis, was perpendicular 
to the Xt-axis and in  the ceiling plane. The Zt-axis was perpendicular to the ceiling plane 
at point 1. 
mined by solving three se t s  of three simultaneous equations for the constants of the equa- 
tions defining the planes formed by the tunnel-axis system and then calculating the dis- 
tance from the point to each of the tunnel-axes planes. 

The tunnel coordinates of a point given in camera coordinates were deter- 

(See refs. 5 and 6.) 

In the XtYt-plane, the constants A, B, and C were determined from the following 
se t  of equations: 

Axs,l +  BY,,^ + CZ + 1 = s,l 

%,3 + B%,3 + cz s,3 + 1 = OJ 

In the YtZt-plane, the following se t  of equations was solved for Ai ,  B1, and C1: 

1 A1A + BIB + C1C = 0 

13 



APPENDIX - Continued 

The constants A2, B2, and C2 in  the XtZt-plane were determined from the third set  
of equations: 

A2A + B2B + C2C = 0 

i A2XS,l + B2Ys,1 + C2ZSJ + 1 = 0 

*2xs,2 + B2Ys,2 + c2zs,2 + 1 = O J  

The distance from a point xs,ys,zs to the YtZt-plane is 

The distance to the XtZt-plane is 

The distance to the XtYt-plane is 

Equations (AlO), (All), and (A12) were used to transform the camera coordinates of a 
point to tunnel coordinates. To determine the sign of the yt coordinate of a point, the 
distance from the projection of the point in  the XsZs-plane to the qZt -p lane  was calcu- 
lated by using the following equation: 

-(C2zs + A2xs . + 1) 
d =  

B2 

If ys was greater than d, the point was located beyond the XtZt-plane in relation to the 
XsZs-plane and yt was therefore chosen as positive. If ys was less than d, yt was 
negative. 
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APPENDIX - Concluded 

Transformation From Tunnel to Confluence-Point Coordinates 

The shape and inertial data presented in  this report were calculated with respect 
to the confluence-point axis system X,Y,Z as shown in figure 6. The origin of this 
system was chosen at the confluence point of the suspension lines held by the line clamp. 
The X- and Y-axis were parallel to and in  the same direction as the Xt- and Yt-axis, 
respectively. The Z-axis  was parallel to but in the opposite direction as the Zt-axis. 
The following equations were used to transform a point given in  tunnel coordinates to 
confluence-point coordinates: 

Y = Y t  - Yt,cp 

= Zt,cp - Zt 

a r e  the coordinates of the confluence point. where xt . c p 9 y t , c p 7 2  t , c p 
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Line 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11 
11 

TABLE I. - NONDIMENSIONAL LINE LENGTH 

L/D 

2.42 
2.24 
2.13 

Keel 

1.350 
1.360 
1.352 
1.340 
1.323 
1.306 
1.292 
1.269 
1.242 
1.205 
1.092 
1.075 
1.067 

& 
Right leading edge 

1.367 
1.304 
1.258 
1.202 
1.166 
.994 

Left leadi: 

1.36 
1.30 
1.26 
1.21 
1.14 
.98 

~ 

- 
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TABLE II. - NONDIMENSIONAL INERTIAL AND CENTER-OF-GRAVITY DATA 

(a) Inertial properties of canopy 

LD 
2.13 

I 
- _ _  . __ - - - 

IxX,C IYY,C I z z , c  
0.9304 I 1.144 0.2957 I 0.4512 

2.24 .9347 1.149 .2889 .4505 
r 2.43 .9734 1.143 .2431 1 .4124 I 

(b) Inertial properties of lines 

14.54 2.799 4.952 
12.61 14.55 2.728 4.881 

4.465 
__ - _. _ _  

2.43 13.28 14.81 2.282 

2.13 
2.24 
2.43 

I 0 
0 
0 
- _ _  - 

0.241 0 0.550 
.237 0 .560 
.210 0 .575 

(c) Center-of-gravity coordinates of lines and canopy 

0.592 
.586 
.529 
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Figure 1.- Planform details of the parawing. 
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Figure 2.- Canopy gr id  system. 

.20 



'4. i? 

Figure 3.- Front view of setup for wind-tunnel tests. L-68-10 794 





Figure 5.- Side view of setup for wind-tunnel tests. L-68-10 795 
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Tunnel test section 

XS ,Ys , Z s  - Camera  axes 

X t  , Y t , Z t  - Tunnel  axes 

X , Y ,  Z ,  - Confluence-point axes 

4 . 

Figure 6.- Coordinate systems used in the transformation of shape data. 
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Figure 7,- Direct ion angles of a typical suspension l i n e  in the confluence-point axis system. 
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Figure 8.- Inf lated span and inf lated keel length as funct ions of l i f t-drag ratio. 
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Typical streamwise sections for a parawing flying at  a lift-drag ratio of 2.24. 
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Figure 10.- Effect of changes in lift-drag ratio on  center-of-gravity locations. 
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Figure 11.- Comparison of photogrammetrically determined and estimated center-of-gravity locations of a ,?&foot (7.32-meter) parawing. 
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Glass plate 1 
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Figure 12.- Typical comparator-table setup. 

- Comparator table 
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Figure 13.- Geometric relat ionships between two-dimensional glass-plate and three-dimensional camera coordinates. 
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